Traumatic brain injury (TBI) is one of the most devastating injuries experienced by military personnel, as well as the general population, and can result in acute and chronic complications such as cognitive impairments. Since there are currently no effective tools for the treatment of TBI, it is of great importance to determine the mechanisms of neuronal death that characterize this insult. Several studies have indicated that TBI-induced neuronal death arises in part due to excessive activation of poly(ADP-ribose) polymerase-1 (PARP-1), which results in nicotinamide adenine dinucleotide (NAD + ) depletion and subsequent energy failure. In this study, we investigated whether intranasal administration of NAD + could reduce neuronal death after TBI. Rats were subjected to a weight-drop TBI model that induces cortical and hippocampal neuronal death. The intranasal administration of NAD + (20 mg/kg) immediately after TBI protected neurons in CA1, CA3, and dentate gyrus of the hippocampus, but not in the cortex. In addition, delayed microglial activation normally seen after TBI was reduced by NAD + treatment at 7 days after insult. Neuronal superoxide production and PARP-1 accumulation after TBI were not inhibited by NAD + treatment, indicating that reactive oxygen species (ROS) production and PARP-1 activation are events that occur upstream of NAD + depletion. This study suggests that intranasal delivery of NAD + represents a novel, inexpensive, and non-toxic intervention for preventing TBI-induced neuronal death.
Introduction
T raumatic brain injury (TBI) is one of the leading causes of death and disability among young adults in industrialized countries. In the United States, about two million cases are reported every year, with approximately 500,000 people requiring hospitalization (Weight, 1998) . TBI is a heterogeneous disorder, producing contusion, laceration, focal or diffuse intracranial hemorrhages, and diffuse axonal injury. These primary injuries lead to secondary events such as oxidative stress, edema, and alterations of endogenous neurochemical mechanisms. Survival and recovery from TBI have been dramatically improved over the past few decades with modern clinical management practices, including antibiotic treatment and control of intracranial pressure (Singh, 2003) .
However, many survivors of TBI still display delayed neuronal death and permanent cognitive impairment. Prior studies have identified several mechanisms that contribute to this secondary cell death, including excitotoxicity due to excessive glutamate release into the synaptic cleft, reactive oxygen species (ROS) generation, and intracellular Zn 2 + accumulation (Bullock et al., 1992; Faden et al., 1989; Katayama et al., 1990; Lewen and Hillered, 1998; Lewen et al., 2001; Marklund et al., 2001; Mikawa et al., 1996; Suh et al., 2000 Suh et al., , 2006 .
Nicotinamide adenine dinucleotide (NAD + ) acts as a major coenzyme in the process of energy metabolism. NAD + is an essential co-enzyme for mitochondrial lactate-dehydrogenase that converts lactate into pyruvate. Recently, evidence has begun accumulating that NAD + may mediate certain aspects of cell death and aging. Among NAD + -consuming enzymes, poly(ADP-ribose) polymerases (PARPs) are activated by DNA damage. Excessive activation of PARP by excitotoxicity or oxidative stress depletes NAD + and ATP, resulting in neuronal death. PARP-1 activation leads to cytosolic NAD + depletion and mitochondrial release of apoptosis-inducing factor (AIF). Alano and associates demonstrated that NAD + depletion is a causal event in PARP-1-mediated cell death, and placed NAD + depletion and glycolytic failure upstream of mitochondrial AIF release (Alano et al., 2010) . Zn 2 + toxicity (intracellular zinc accumulation) has also been shown to induce neuronal death accompanied by reduced NAD + and ATP levels, which are attenuated by NAD + restoration by nicotinamide and pyruvate (Sheline et al., 2000) . Additionally, a reduction in NAD + levels was observed in several animal models of neurological diseases, such as ischemia and TBI (Plaschke et al., 2000) . Several studies have shown that cerebral NAD + content is decreased by PARP activation after TBI in rodents (Clark et al., 2007; Satchell et al., 2003) .
Our previous study showed that intranasal administration of NAD + at 2 and 5 h after ischemic brain injury reduced neuronal death by 60-90% (Ying et al., 2007) . Based on that study, and the known effect of PARP-1 on NAD + depletion in TBI, we hypothesized that intranasal administration of NAD + should decrease neuronal death in a rat model of TBI. Intranasal delivery provides a practical, non-invasive method of bypassing the blood-brain barrier (BBB) to deliver therapeutic agents to the brain. Intranasal delivery of NAD + resulted in an increase in brain NAD + content (Tsuchiyama et al., 2009 ). To test our hypothesis, rats were subjected to a weight-drop TBI model, and neuronal cell death was evaluated by FluoroJade B staining. We found that intranasal delivery of NAD + significantly prevented neuronal death and microglial activation in the hippocampus.
Methods

Weight-drop-induced traumatic brain injury in rats
All animal experiments were approved by the animal studies committee of the San Francisco Veterans Affairs Medical Center, and of the Hallym University. Male SpragueDawley rats (250-350 g) were deeply anesthetized with ketamine and xylazine. The rats were placed in a stereotaxic frame, the scalp and temporal muscle were reflected, and a 3-mm-diameter hole was drilled through the skull (2 mm lateral to the midline and 4.3 mm rostral to the bregma). TBI was performed using a weight-drop model. For the mechanical trauma, a blunt steel impactor was dropped onto the intact dura (Clark et al., 1994; Suh et al., 2000 Suh et al., ,2006 . With this method, a brief displacement and deformation of the brain was induced by simply dropping a weight with consistent velocity (1.5 m/sec), depth (3.0 mm), and contusion time (120 msec). All rats were maintained at a core temperature of 36.5-37.5°C during and after surgery, until ambulatory. Rats with seizures were excluded from data analysis.
NAD
+ or nicotinamide administration NAD + or nicotinamide was delivered either to the intranasal space or the intraperitoneal space. For intranasal delivery, NAD + or nicotinamide (20 mg/kg of body weight) was dissolved in 60 lL saline and 6 lL was intranasally dropped every 30 sec 10 times (i.e., 6 mg in 60 lL for a 300-g rat = 20 mg/kg body weight) beginning immediately after TBI. For intraperitoneal delivery, NAD + or nicotinamide was injected at the same dose (20 mg/kg) immediately after TBI.
Confocal microscopy
Fluorescence signals were detected using a Zeiss LSM 510 confocal imaging system (Zeiss, New York, NY), with a sequential scanning mode for Alexa-Fluor 488 and 594. Stacks of images (1024 · 1024 pixels) from consecutive slices 0.66-0.7 lm in thickness were obtained by averaging four scans per slice, and were processed with Adobe Photoshop (Adobe Systems, Mountain View, CA).
Assessment of neuronal death
The rats were deeply anesthetized with 3% (vol/vol) isoflurane 24 h after TBI and perfused transcardially with 200 mL of 0.9% saline followed by 4% formaldehyde (FA) for 5 min. The harvested brains were post-fixed with 4% FA for 24 h and immersed in 20% sucrose until sinking to the bottom of the solution. Cryostat sections (25-lm thick) were mounted on frosted slides. For identifying degenerating neurons in the hippocampus, Fluoro-Jade B (FJB) staining was performed as described previously (Schmued and Hopkins, 2000; Suh et al., 2007) . Briefly, the sections were immersed in a basic alcohol solution for 5 min and 0.06% KMnO 4 for 15 min, and then the sections were incubated in 0.0004% FJB (Histo-Chem, Jefferson, AR) for 20 min. The slides were washed in distilled water and then dried. To quantify neuronal death, sections were collected every third slice from 4.0 mm posterior to the bregma, and five coronal sections were analyzed from each animal. An observer blinded to treatment condition counted the number of FJB-positive neurons in the hippocampal CA1 and subiculum from the ipsilateral hippocampus. Mean numbers of FJB-positive neurons from each region were used for statistical analyses.
NAD
+ /NADH assay NAD + and reduced NAD (NADH) levels in the hippocampus were measured by an NAD + /NADH assay kit (Abcam, San Francisco, CA), according to the manufacturer's instructions. Briefly, the animals were perfused with cold saline, and *20 g of the hippocampus ( -3.3 to -5.3 mm from the bregma) was dissected and homogenized. Total NAD (NADt) and NADH were extracted in extraction buffer and measured spectrophoretically at 450 nm following the manufacturer's instructions. The NAD + :NADH ratio was calculated as: [NADt -NADH]/NADH. The protein concentrations of lysates were determined using the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA).
Superoxide detection
For evaluation of differences in superoxide production after TBI, rats were intraperitoneally received dihydroethidium (dHEt; Molecular Probes, Invitrogen, Eugene, Oregon) at a dose of 1 mg/kg 30 min before TBI (Murakami et al., 1998; Suh et al., 2008) . The rats were euthanized 3 h after TBI and transcardially perfused with 0.9% saline followed by 4% FA fixation. In 40-lm cryostat sections, ethidium (Et) signals were photographed with a confocal fluorescence microscope with an excitation of 510-550 nm and an emission greater than 580 nm. Images were taken from the hippocampal CA3 and dentate gyrus (DG), and the peri-injury area of the parietal cortex. Et signal intensity was expressed as the ratio of the mean fluorescence in the neuronal perikariya to that of the striatum radiatum of the hippocampal CA1 region.
Immunohistochemistry
Forty-micron coronal sections were prepared and immunostained as described previously, with modifications (Suh et al., 2003) . Sections were blocked and permeabilized with 10% goat serum/0.1% Triton-X 100 in pH 7.4 phosphate-buffer (PB). Anti-poly ADP ribose (PAR) monoclonal antibody (Trevigen, Gaithersburg, MD) was added at a 1:2000 dilution and incubated at 4°C overnight. After washing, the sections were incubated with Alexa-Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen) at a 1:500 dilution for 1 h at room temperature. The sections were mounted and photographed with a Leica confocal laser-scanning microscope. Negative controls were prepared by omitting the primary antibodies.
Immunostaining for evaluation of microglial activation
Immunostaining was performed on 40-lm brain sections. After a 0.1 M PB rinse, nonspecific protein binding of the brain tissue was blocked by 1 h incubation in blocking buffer (10% goat serum and 0.1% Triton X-100 in 0.1 M PB) at room temperature. The sections were then immunostained with a mouse antibody to rat CD11b (AbD Serotec, Raleigh, NC) at a 1:200 dilution. After washing, the sections were incubated with Alexa-Fluor 488-conjugated goat anti-mouse IgG secondary antibody (Molecular Probes) at a dilution of 1:500 for 2 h at room temperature. Negative controls performed with secondary antibody alone showed no staining. Microglial activation was evaluated by an observer blinded to treatment condition. Three sections from each animal were evaluated for scoring. Microglial activation criteria were based on the number of CD11b-immunoreactive cells and their morphology, as previous published (Kauppinen et al., 2008) .
Statistical analysis
Data are shown as means -standard error of the mean (SEM). Statistical significance was assessed by analysis of variance (ANOVA), and post-hoc testing was accomplished using Scheffe's test. A p value < 0.05 was considered statistically significant. Microglial activation data were assessed by Kruskal-Wallis non-parametric one-way ANOVA testing, followed by Dunn's test for multiple group comparisons.
Results
TBI-induced cortical neuronal death is not prevented by intranasal administration of NAD
+
Neuronal injury evaluated by FJB staining at 24 h after TBI showed widespread cortical neuronal injury in vehicle-treated rats. An image taken with low-power magnification shows a large necrotic area of parietal cortex (Fig. 1A) . Intranasal treatment with NAD + showed no neuroprotective effects on the TBI-induced cavity or on peri-lesional neuron death. Compared with saline-treated rats, NAD + -treated rats showed a similar number of FJB-positive neurons in the parietal cortex ( Fig. 1B and C) . FJB-positive neuron counting was performed 400 lm away from the center of the cortical impact site.
TBI-induced neuronal cell death in the hippocampus is prevented by intranasal administration of NAD rats, which was comparable with that seen in previous studies ( Fig. 2 ; Suh et al., 2000 Suh et al., ,2006 . In sham-operated rats, no FJBpositive neurons were observed. Compared with the vehicletreated group, the intranasal NAD + -treated group showed significantly fewer FJB-positive neurons ( Fig. 2A) . Quantification of the number of FJB-positive neurons in the hippocampus showed significant differences between the two groups (Fig. 2B) . (Fig. 3) .
TBI-induced microglial activation in the hippocampus is inhibited by intranasal NAD + administration
Microglia activation was evaluated in the hippocampal CA1 area at 1 or 7 days after TBI. One day after TBI, moderate microglial activation was detected in the hippocampal CA1 area. Several amoeboid-shaped CD11b-stained microglia were detected. Seven days after TBI, substantial microglial activation was detected in the hippocampal CA1 area. Intense microglial activation was prominent in the pyramidal layer of the CA1 area. To test whether NAD + had a preventive effect on microglial activation after TBI, intranasal NAD + was administered immediately after TBI. We found that intranasal administration of NAD + substantially decreased TBI-induced microglial activation in the hippocampal CA1 pyramidal area at 1 day and 7 days after TBI (Fig. 4) . However, intranasal administration of NAD + caused no reduction of TBI-induced microglial activation in the cerebral cortex (data not shown).
TBI-induced superoxide production in the hippocampus and cortex
To test whether superoxide production occurs after TBI in hippocampal CA3 and DG neurons, as well as in cortical neurons, rats were injected with dHEt 30 min before TBI, and then brain sections were harvested 1 h after TBI. Superoxide production was estimated in hippocampal CA3 and DG neurons, or in cortical neurons, by the Et intensity ratio compared with the background intensity. Et fluorescence intensity was increased in the hippocampal and cortical neurons after TBI (Fig. 5A) . To test whether NAD + inhibits superoxide production after TBI, rats were treated with intranasal NAD + , and then brain sections were evaluated by quantifying Et fluorescence intensity. Here we found that the superoxide production in the hippocampal CA3, DG, and cortical neurons, were not inhibited by NAD + .
TBI-induced PARP-1 activation is detected by PAR accumulation
To test whether PARP-1 activation occurs in hippocampal CA3 neurons or cortical neurons after TBI, brain sections were immunostained with an antibody against PAR. PAR accumulation in hippocampal CA3 neurons and in cortical neurons was detected at 3 h after TBI. To test whether intranasal treatment with NAD + can prevent PAR accumulation in the vulnerable neurons after TBI, NAD + was administered intranasally immediately after TBI. This study found that PAR
FIG. 4. Microglial activation after traumatic brain injury (TBI) is inhibited by intranasal administration of nicotinamide adenine dinucleotide (NAD + ). (A)
The sections harvested at 1 or 7 days after TBI were immunostained with CD11b. Morphological changes and intensity of microglial immunostaining was prominent after TBI. TBI increased microglial activation in the hippocampal CA3 area 1 day after the insult, and substantially increased it 7 days after the insult. Intranasal administration of NAD + (TBI-NAD) reduced microglial activation in the hippocampal area (scale bar = 50 lm). (B) Quantification of microglial activation was performed on the hippocampal CA3 pyramidal area. Microglial activation is quantified based on morphological changes and intensity of CD11b staining. Data are mean -standard error of the mean; n = 3-6 for each group; *p < 0.05 compared with the saline-treated group. Color image is available online at www.liebertonline.com/neu FIG. 5. Traumatic brain injury (TBI)-induced reactive oxygen species (ROS) production and poly(ADP-ribose) polymerase-1 (PARP-1) activation are not prevented by intranasal nicotinamide adenine dinucleotide (NAD + ) administration. (A) TBI-induced ROS production is not prevented by intranasal NAD + administration. Neuronal superoxide production in the hippocampus and cortex was detected by dihydroethidium (dHEt) fluorescence staining 3 h after TBI. In sham-operated animals (Sham), Et fluorescent signal is negligible. TBI substantially increased ethidium (Et) intensity in the hippocampal CA3 and dentate gyrus neurons, and cortical (Ctx) neurons. Intranasal treatment with NAD + caused no difference in Et fluorescence intensity after TBI (n = 5 for each group; scale bar = 30 lm). (B) TBI-induced poly(ADP-ribose) (PAR) accumulation is not prevented by intranasal administration of NAD + in the hippocampus and cortex. Neuronal poly (ADP-ribose) (PAR) accumulation in the hippocampus and cortex was detected by immunohistochemistry 3 h after TBI. TBI substantially increased PAR fluorescence intensity in hippocampal CA3 and in cortical neurons. However, NAD + treatment showed no difference in intensity of PAR fluorescence after TBI (n = 3 for each group; scale bar = 30 lm). Color image is available online at www.liebertonline.com/neu
PREVENTION OF TBI-INDUCED NEURON DEATH BY NAD
1 accumulation in hippocampal CA3 neurons or cortical neurons was not inhibited by NAD + (Fig. 5B) .
TBI-induced neuronal death is not prevented by intraperitoneal injection of NAD
+
Intraperitoneal injection of the same NAD + concentration that we used for intranasal administration showed no neuroprotective effects on TBI-induced neuronal death. Compared with saline-treated rats, NAD + -treated rats showed a slight reduction in the number of FJB-positive neurons in the hippocampal DG, CA1, and CA3 areas; however, the difference was not significant (Fig. 6) .
TBI-induced neuronal death is not prevented by intranasal treatment with nicotinamide
Several studies have previously suggested that NAD + can be metabolized to nicotinamide, and that nicotinamide has an inhibitory effect on PARP-1 activation . Also, our previous study showed that nicotinamide inhibited Nmethyl N¢-nitro-N-nitrosoguanidine (MNNG)-induced neuron/astrocyte death through inhibition of PARP-1 (Ying et al., 2003) . In the present study, to rule out whether the neuroprotective effects of NAD + administered after TBI arise from supplementing energy substrates after PARP-1 activation, or via a direct inhibitory effect on PARP-1 activation after TBI, 20 mg/kg nicotinamide was administered intranasally, as was done with NAD + . Compared with NAD + -treated rats, nicotinamide treatment showed no protective effects against TBI-induced neuronal death (Fig. 7) .
Discussion
The present study demonstrates that intranasally-administered NAD + increases hippocampal NAD + levels and reduces TBI-induced neuronal death in the hippocampus. Here we speculate that TBI-induced PARP-1 activation was a key neuronal death mechanism, and that maintaining adenosine triphosphate (ATP) production by supplementation with intranasal NAD + can prevent neuronal death after TBI. Microglial activation 7 days after TBI was also significantly attenuated by NAD + treatment. However, TBI-induced superoxide production and PAR accumulation were not prevented by intranasal administration of NAD + . The cellular mechanisms underlying TBI-induced neuronal injury are complex and cannot be fully explained by simple (B) Bar graph shows the quantified neuronal degeneration in the hippocampus. Data are mean -standard error of the mean (n = 6 for each group; *p < 0.05 compared with the saline-treated group). Color image is available online at www .liebertonline.com/neu mechanical injury. Rather, several contributing factors are involved in downstream events of TBI-induced neuronal death, including sustained activation of glutamate receptors (Carbonell and Grady, 1999) , PARP-1 activation (LaPlaca et al., 2001) , and zinc translocation (Suh et al., 2000 (Suh et al., ,2006 . Although several lines of intervention have been shown to reduce this devastating brain injury in animal models, no clinically-applicable intervention strategies are currently available. Therefore, this study has sought to identify a simple and safe treatment method for reducing TBI-induced neuronal death using intranasal administration of NAD + . Our lab previously provided the first evidence indicating that treatment with NAD + can abolish PARP-1-induced death (Alano et al., 2004 (Alano et al., ,2010 Ying et al., 2003 Ying et al., ,2005 Zhu et al., 2005) . Since TBI produces PARP-1 activation, and NAD + can rescue cells from PARP-1 activation, we tested the possibility that NAD + may be used in vivo to decrease PARP-1-mediated neuronal injury. Our results confirm that TBI reduces hippocampal NAD + levels, and intranasal administration restores hippocampal NAD + levels. Furthermore, the present study provides evidence that intranasal NAD + administration decreases TBI-induced neuronal death, which is consistent with our previous results in a study of cerebral ischemia (Ying et al., 2007) . Intranasal NAD + is protective even when applied 3-4 h after PARP-1 activation, suggesting that NAD + administration may have a long window of opportunity in which it can act to decrease tissue injury (Alano et al., 2010) .
Several studies have shown that inflammatory processes are involved in the progression of neuronal death after brain ischemia (Inamasu et al., 2000) , and brain trauma (Thompson et al., 2005) . Activated microglia have been shown to be neurotoxic. Microglia respond rapidly to changes in the central nervous system microenvironment and pathological events, which may play both deleterious and useful roles in neuronal damage. One of the initial stages of microglial activation is morphological transformation from ramified cell shape to amoeboid cell shape. After brain insults such as ischemia, the long, ramified processes of microglia are shortened and the soma is enlarged, finally forming an amoeboid shape (Koshinaga et al., 2000; Mabuchi et al., 2000; Schroeter et al., 1997) . Activated microglia release ROS, including superoxide and nitric oxide, glutamate, extracellular protease, and cytokines, which are toxic to neurons (Cai et al., 2006) . Inhibition of PARP-1 activation has been shown to attenuate microglial activation after ischemia . Therefore, in this study we investigated whether microglial activation is modulated by NAD + administration after TBI. Here, we found that NAD + significantly reduced microglial activation after TBI. However, the mechanism by which NAD + treatment leads to attenuation of microglial activation after TBI is not clear (Han et al., 2002; Inamasu et al., 2000; Yenari and Han, 2006) .
Neither oxidative stress nor PAR accumulation were inhibited by NAD + treatment, indicating that PARP-1 activation occurs upstream of these events. NAD + can be metabolized to nicotinamide, which has an inhibitory effect on PARP-1 activation . To exclude the possibility that the neuroprotective effects of NAD + administered after TBI arise from its metabolism to nicotinamide, equimolar doses of nicotinamide were administered intranasally, as was done with NAD + . Compared with NAD + -treated rats, intranasal nicotinamide treatment showed no protective effects on TBI-induced neuronal death. This, along with the observation that NAD + supplementation did not reduce PAR formation, indicate that the effects of NAD + are not attributable to reduced PARP-1 activity. However, since intranasal treatment with nicotinamide showed a trend toward neuroprotection in the hippocampal CA1 area, we cannot exclude the possibility that higher doses of nicotinamide may have therapeutic potential via some other mechanism (Hoane et al., 2003 (Hoane et al., ,2006 .
Our previous study showed that TBI induced zinc translocation and neuronal death, which could be attenuated by zinc chelators (Suh et al., 2000 (Suh et al., ,2006 . Zinc-mediated neuronal death has been shown to reduce NAD + levels, an effect attenuated by pharmacologically or genetically restoring NAD + levels (Cai et al., 2006; Sheline et al., 2000 Sheline et al., ,2003 . In the present study, the effect of intranasal NAD + treatment on zinc translocation was not investigated. However, based on several previous studies, we can speculate that TBI likely leads to a deleterious sequence of events that comprises zinc translocation, PARP activation, and subsequent NAD + /ATP depletion. We therefore propose that NAD + administration exerts its protective effects by directly restoring NAD + levels, rather than by preventing zinc translocation and PARP activation. Thus the use of a combined regimen consisting of zinc chelators, PARP inhibitors, and NAD + may have additive effects.
The loss of hippocampal neurons due to TBI has previously been shown to cause deficits in spatial learning and memory (Clark et al., 2007) . Preservation of hippocampal neurons with intranasal NAD + as accomplished here would thus be predicted to reduce this functional impairment. However, a limitation to the present study is that behavioral studies were not performed to evaluate the functional impact of the NAD + treatment. It may therefore be useful to extend this work to include functional outcome measures, and by evaluating the possibility of additive or synergistic effects of intranasal NAD + administered with other compounds. The results of the present study show that PARP activation and subsequent NAD + depletion contribute to neuronal death after TBI. Intranasal delivery of NAD + increased hippocampal NAD + levels and attenuated TBI-induced hippocampal neuronal death. Therefore, administration of NAD + , which is both inexpensive and non-toxic, may warrant clinical evaluation.
